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Introduction
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Heavionium calculations presented here:

* Precise HPQCD calculations using Highly Improved Staggered Quark (HISQ) action
» Some now include QED effects

* Realistic sea content in MILC HISQ configurations used here
» Effect of 24+1+1 quarks

* Note: comparisons true at time of publication

» Some small changes, esp. to experimental results since



Lattice calculations

Fit these correlators (Sometimes a2 = A)
< t > /// %
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O Op Cpp, (1) = Z a2 (e_E”t + e_E"(Nt_t))
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QED in these calculations

* The results here use quenched QED: the valence quarks see QED, but the sea quarks do not
* Randomly generated momentum space photon field A, (k) in Feynman gauge

» Zero modes set to zero and then A, transformed to position space
> exp(ieQA,) (so they are U(1)) are added into gauge links



Isospin breaking effects

HPQCD [2005.01845]
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* Check of effect of m,, # my

* Indistinguishable effect at current level in charmonium calculations



MESON MASSES
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cts on charmonium

HPQCD [2005.01845]
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Charmonium hyperfine splitting
HPQCD [2005.01845]
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Charmonium hyperfine splitting
HPQCD [2005.01845]
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Botto um hyperfine splitting
HPQCD [2101.08103]
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DECAY CONSTANTS



Effect of QED o

HPQCD [2005.01845]
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* QED effect on decay constant as function of (am.)? and 1/Ls

» No retuning of am,. to account for QED effect
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HPQCD [2008.02024]
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HPQCD [2101.08103]

Bottomonium decay constants

Jon [GeV]

A £5
f-phys
sf-5

s

S [GeV]
&

T
A 5
f-phys
st-5

Lﬁ‘v

N-P

7 24Y
\4 E (Y
) 247
mMh
(EF)?
sf-phys
uf-5
ef-5

4

My, [GeV]

f¢h /fnh

4

6 8

My, [GeV]

-5

f-phys

st-5




Bottomonium decay constants
HPQCD [2101.08103]
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Bottomonium decay constants

HPQCD [2101.08103]
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Determination of

HPQCD [2005.01845]
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my/me

HPQCD [2102.08103]

5 B
=
41 =
. 1.0004
591 <
5 gy m E o]
2" = 1.0002 P
i E ™
s & L =
11 = 1.0000 L& ' ' '
4 6 s 10 2 34
mpp (GeV) [T
mb(lu‘) R(mb/mCan,b =0— %) % mp
Solve: — = — = 5 =
f,f’h(mb/mc) = m%c;nt me(p) 8%8 R(Mc, Qe = g = 5) Me e
Il 0 fe) = me™
mp(3 GeV) _ {4.586(13) from am?,
™, a v
4.578(12) from amP, me(3 GeV) qep 4.586(15) from am},

Ty /me =
i {4.578(15) from am)/,



Determination of my

HPQCD [2101.08103]
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HEAVIONIUM DECAYS



Heavionium decays

* Decays with photons can be used as tests of our understanding of internal
structure of mesons from strong interaction physics
* n. — 7 result vastly improved picture from the lattice

» Experimental results give no clear consensus for I'(n. — v7) o

* 1, — vy has not yet been seen; our result is a prediction for Belle Il

This work

* Precise calculation by using Highly Improved Staggered Quark (HISQ) action
* Calculate these decays with realistic sea
» Effect of 24141 quarks

* 2 — 3% uncertainties for I'(n, — v7)

* Combining our result with NRQCD calculation, can get new total 7;, decay width

* Full details of calculation for 7. — ~~ process & J/v radiative decays in Phys Rev D 108 (2023)
[arXiv:2305.06231]




Lattice details

* 2+ 1+ 1 HISQ gauge ensembles provided by MILC Collaboration

* Lattice spacings from ~ 0.15 fm down to ~ 0.03 fm depending on process

* Combination of ms/m; = 5 and physical m;

* Valence heavy quarks m. < myj < my also use HISQ formalism

* Tuned my to match 7, mesons

* @ @ @ ®
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a? [fm?]
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Lattice details

* 2+ 1+ 1 HISQ gauge ensembles provided by MILC Collaboration

* Lattice spacings from ~ 0.15 fm down to ~ 0.03 fm depending on process

* Combination of ms/m; = 5 and physical m;

* Valence heavy quarks m. < myj < my also use HISQ formalism

* Tuned my to match 7, mesons
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Lattice calculation

HPQCD [2305.06231]

On h

Ji & Jung [hep-lat/0101014] & [hep-lat/0103007]:

Crv(tys,tn,) = a E emw1ltn _tW)Clw(twut"rzvtnh)

tyy

= " M

* For on-shell photons: w1 = |71] = |g2] = —*

* Momentum twist, 6, to tune wj

* Require component of momentum orthogonal to photon polarisations (also mutually orthogonal)

» We chose to put all momentum in y direction (photons in z and z)

* Vector currents require renormalisation; we use RI-SMOM scheme HPQCD '19 [1909.00756]

21



A look at the integrand
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A look at the integrand

0.05 @
H
n
0.04 0
1
. i /\
EI:;O.OS :' I:
= [
< 0.02 .
i
0.01 I
AYERTA
(Y] \
0.00 seeeesseaaaaas® & @ Rooooooseoceas
—0.6 —0.4 —0.2 0.0 0.2 0.4 0.6
tﬂ - t’\,z [ﬁn]

Cuuv (b tny,) = ZE ae=*1(tm _tm)cw(t“u stz t,) ]

tyy

t
-
tyz tay,
T
a [fm]  ms/my T
0.059 5 14, 17, 22, 25, 30
0.057 27.5 12, 17, 22, 27, 32, 37
0.044 5) 22, 29, 36, 43
0.033 5 21, 30, 39, 48

22



Fitting correlators

HPQCD [2305.06231]

Fit two sets of correlators:
N
Chy, () = Zai (e7Bnt 4 e~ En(Nem)) Oa Op
n

and

N
éuu(t”/Z ) tnh E anbn En(tw ~tan) + E_EW(Nt ~toa o, ))
n Ground state

Fiat(0,0) = boZ2 2 Ls
a v aMy, Om ’

which relates to the width for two on-shell photons:

Extract form factor Fl,1+(0,0) b

T(nn = vy) = ma2,Qf M3, F(0,0)%.
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Ne — 7y in the continuum

HPQCD [2305.06231]
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7. Results

HPQCD [2305.06231]

Continuum result gives
F(0,0) = 0.08793(29) 5+ (26)syst Gev~!
From which we can determine the width:
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PDG fit: 5.15(35) keV <+——————— x2 =118 for 81 d.o.f.; p = 0.005
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Nonrelativistic relations: n. — v

HPQCD [2305.06231]
(Czarnecki & Melnikov '01 [hep-ph/0109054]):
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F(0,0)M3,, Y
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m, — vy RESULTS



Ny — vy from ratio with decay constant

o
= 0.5 i =) LONRGED
o=
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0 my phys
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Comparison with LO NRQCD
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Inclusive width

r
* Can get full width T'(n,) by combining our decay width with A from NRQCD
L(ne — 77)
LQCD + NRQCDxxa o
LQCD + NRQCDgsg o
PDG average e =
5 10 15 20
T(m) MeV]
42
T(m)xna = 1220 (F57) o0 (T4)Laep MeV

I'(m)Brg = 12.68 (f;‘; (77)Lqcp MeV

)NRQCD
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Inclusive width

r
* Can get full width T'(n,) by combining our decay width with % from NRQCD
m = 1Y
LQCD + NRQCDyx o
LQCD + NRQCDgsg o
PDG average e =
5 10 15 20
T(m) MeV]
This work
_ +42
T(np)NNa = 12.20 (,47)NRQCD (T4)Lqcp MeV

I'(m)Brg = 12.68 (f;‘; (77)Lqcp MeV

)NRQCD
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Inclusive width

* Can get full width T'(n,) by combining our decay width with

(Brambilla, Chung & Komijani [1810.02586])

()

Ty = 77)

from NRQCD

—

LQCD + NRQCDyya

LQCD + NRQCDgrq

PDG average

This work

T(np)NNA =

T'(np)BrC =

5 10
T(m) MeV]

12.20 (tig)NRQCD

1268 (*53) \roon (

15

(74)LQCD MeV

77)Lqcp MeV

20
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J/Y — va



w/ Christine Davies, G. Peter Lepage & Sophie Renner

v5 QY5

* Analogously calculate process where v and an axion-like particle couple to charm

ta t% tj/w £(0) :bozv,/zMJ/wg—;

ceee

.
.
.
.
.
.

Yzt @ V5=

1 C2, M2\ -
L(J/¢ = 7a) = o 3 —SaemQIM7,,, (1 Ve ) £(0)2
I/
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Lattice calculation

HPQCD [2305.06231]
Nnan
Cspi(t,T) = Z aie_EitVijbjeEj(T_t)
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Lipg 1y by
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* 3 i 1
B Setl I Setd Viatt (0) = 1.8649(73) 4 (75)syst
A Set 2 O Sets
O Set3 Set 6
d  Set 3A
0.0 0.1 0.2 0.3 0.4 0.5 0.6
a’ [GCV_Z}

L(J/ — yne) = 2.219(17) 61 (18)syst (24)expt (4) QED keV

Br(J/¢ — yne) = 2.40(3)1att (5)expt 70
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Summary results: J/4

HPQCD23
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Product of fractions

* Product of J/1 — vn. and ne — -y measured at by CLEO and BESIII

PDG av.
1
1
i —— HPQCD23
lattice QCD .
experiment .
L o BESITI3
1
|
1
® ; CLEO08
0 1 2 3 4 5 6

Br(J/1 — yn.) x Br(n. — 77y)(x10%)
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J/V — nete”



J/¥ — neete”

HPQCD [2305.06231]
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D(J/W — neete™) = 0.01349(15)1a1t (15)expt (13) qrD keV.
Br(J/¥ — neete™) = 1.457(16)1a14 (15) QED (31)expt X 10~ *
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Many heavionium quantities measured to high precision, now incl. (quenched) QED in some cases

* Vastly improved I'(n. — v7)

We're hoping results from experiment for n, — v~ will be forthcoming
(Belle 117 )

Similar analysis being performed for decay with axion-like particle: J/v — ay
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Similar analysis being performed for decay with axion-like particle: J/v — ay
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